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AN EVALUATION OF AN OPERATIONAL SOUNDING ROCKET
TO FULFILL A NEW 100 KILOMI£TER [IEQUIREMI_]NT
Mark B. Nolan
Edward E. Mayo
Goddard Space Flight Center
Greenbelt, Maryland
Abstract
The payload-apogee altitude performance, static
stability, and dynamic motions of the Tomahawk vehicle
(second stage of the Nike-Tomahawk system) are ana-
lyzed with respect to its ability to meet a new require-
ment for a 100-kilometer sounding rocket. The vehicle
has the impulse to lift the required payload to the re-
quired altitude and the payload can be increased by re-
placing the standard nose eerie (,2:1 ogive) with a lower
drag configuration. The single-stage vehicle is very
drag-sensitive, losing 4000 feet in apogee for each
1-percent increase in drag. The fins produce adequate
stability to fly payloads as light as 65 pounds for the
3:1 ogive nose. The optimum fin cant from a flight
dynamics standpoint was determined to be 35 minutes,
with a resulting peak roll rate of 10 eps. If required by
the ex-periment, the peak roll rate can be reduced to
6.5 cps while the resulting rolling trim remains less
than 5 degrees.. The vehicle asymmetries evaluated
were the maximum manufacturing tolerances and were
oriented to give maximum degradation to roll rate at
resonance.
h_troduction
In the continuing investigation of the upper atmos-
phere, the scientific community has become increas-
ingly interested in a layer of the earth's atmosphere
known as the "D" region. The "D" region is the lowest
layer in the ionosphere, extending from approximately
70 to 120 kilometers. It is through this region that the
exchange between the ionized upper atmosphere and the
nonionized lower atmosphere occurs.
For a c:ass of experiments to be conducted in
this region NASA has (_stal)liMwd a rc_lui_ cl_tcnt for a
vehicle with the performance char_lcieristics given in
Table 1. A partially successl\ll flight of a Tomahawk_
vehicle (second stage of the Nike Tomahawk system) U*
indicated a performance comparable with th.e vehicle
requirements of Table 1. Tile Tomalmwk vehicle, if
acceptable as a single-stage rocket, has the obvious
advantage of being a fully operational system in the
two-stage version.
This paper outlines the procedures applied by th(-
Goddard Space Flight Center in tile cv:tlllation of a ve-
hicle with respect to a new requiremt:nt, and p_'escnts
the results in the specific case of the Tomahawk vehicle.
In the initial phase of the evaluation, the _ chicle
payload-apogee al[itude t)erformancc is dete rm ined by
varying the launch angle, gross l)avlead weight, and
nose-cone (drag) configau'ation. Then, if altitddc per-
formance is satisfactory, static stability is evalunted
for the range of variables amflyzed in the ini_i:d
phase. A third phase evaluates the dynamic
motions of the vehicle and as_sses its sensitivity to
roll lock-in. An analysis of the aerodynamic he:aing
and the structural integrity of the system is al_o neccs-
sary. However, for the Tomahawk, this is nou being
done ul-ider contract and will therefore not b(" pl'cscnI-
ed in this paper.
Payload weight* 50 pounds
Apogee altitude 50 to 120 kilometers
Velocity restrictions**
Vehicle dynamic motion restrictions
M_ < 3.00 _J. 60 kilometers
M,o _< 1.50 g_: 100 t,:ilometers
Space coning haft angle _< 10 c'
Maximum roll rate _< 10 cps
* A conservative estimate of the gross payload weight is 80 pounds for a Tomahawk vehicle with
a net payload weight of 50 pounds.
** This velocity restriction limits the apogee altitude to approximately 106 kilometers ('i50, [)00 feet).
TABLE 1 "D" REGION EXPERIMENT VEHICLE REQUIREMENTS
Payload-Apogee Performance
The payload-apogee performance of the single-
stage Tomahawk (Figure 1) was determined for gross
payload weights of ,10 to 100 pounds and launch angles
of 75 to 90 degrees for the three nose configurations
under consideration, a 3:1 ogive, a 5:1 ogive, and a
5:1 cone. Performance trajectories were calculated
by a partiete trajectory digital computer program
assuming Wallops Island as the launch site.
FIGURE 1. NIKE TOMAHAWK SOUNDING ROCKET
The required input data for the program are
weight, drag, and thrust-time history, whePe the drag
is at zero angle-of-attack *(2' 3). The Tomahawk
weight-time history and sea level thrust-time history
are given in Tables 2 and 3, respectively. Since the
Tomahawk, as the second stage of the Nik(,-Tomahawk
system, flies at supersonic velocities, there was no
subsonic drag and the transonic drag was obtained by
extrapolatin_ the data to Maeh one. The author's
calculations t:1-8) verified the transonic drag level and
have extended the estimated drag to subsonic Math
numbers. The results of the analysis that follows
show that the vehicle performance is insensitive to
the subsonic drag level. A 50 percent rcmmtion in
subsonic drag results in only a 300-foot incceg)se in
altitude for a 350,000-foot apogee. It will be shox_m
later that, while insensitive to st0,sonie dPag, lhe ve-
hicle is very sensitive to supersonic drag.
TIME (sec) WEIGHT flb'i
0
0.25
0.50
4.00
5.00
6.00
7.00
8.00
8.50
8.70
9.00
9.50
999. O0
540.00
529.64
517.29
341.82
292.79
248.05
207.99
171.(12
155.307
150.00
143.83
143.00
143.00
TABLE 2. TOMAHAWK WEIGIIT-TIME tIISTORY
(LESS GROSS PAYLOAD WEIGHT)
TIME (see} THRUST 0b)
0
0.10
0. i7
0.22
0.34
0.90
1. I0
1.60
2.20
3.00
3.50
5.00
5.30
0
13847
12668
12766
11736
12030
12080
11755
115_8
11736
11686
I 12!1::_
10999
6.00
7.00
7.81
8.00
S. 1.-,
8.5o
8.72
9.2O
9.50
9968
8888
8347
8004
8053
72(;8
5892
442
0
T ,_BI,E 3.
(N()ZZI_E EXIT
TOMAItAWK SEA I,EVEL
TttRUST-TIME ItlSTORY
AREA 0. 4035 SQUARE FOOT)
Data from the above referemms _ere also used
to modify the drag curve of the 3:l ogiv(, configuration
to apply to the 5:l ogive and cone configm'atious. This
was accomplished by subtracting the pressure drag of
a :{:1 ogive nose from the basic drag data* and then
adding the pressure drag for the 5:1 ogive and cone
configurations. The resulting values arc presented in
Table ,i for both coasting and thrusting conditions.
Letter of Sandia Corporation to John Lane, dat_t
&muary 21, 1965. Subject: Performance and
Aerodynamic Data for the Nike Tomahawk Rocket
System
Tbcso data _crc used in computh_z vehicle
performance for the range oil)avamctcrs montionol
earlier. A sul!llll_l'.y plot of lh( apogee its a functhm
of gross payload weight and ]alll]ch angle is
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+11,000
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TABLE 5 TOMAHAWK PERFOIIMA.NCE VAILIATION*
* Reference l 0
B
a/
tad
£13
Z
"E
_J
Next, it _a5 necessary to find the Tomahawk
confi_lration that Rfl filled the vehicle requiremcnt of
ILl'ling ,',0 i)okmds to a m_cximum altitude without exceed-
ing velocity restrictions. In Iqg'ute :{, the Maeh num-
ber at 60 "tnd 100 kilometers is plotted lor tile :h 1 ogive
and 5:1 cone configm'ations as a ftmction of payload
x_eight. A typical launch angle for the Wallops Island
complex, .-41 degrees, was assumed. For this angle,
the maximum altitude attainable, withiiL velocity re-
:dL'u'.:ti(ms, is ;;45, 000 feet. Maxhnun_ payload is 55
i_(}unds fin' the :q £ vgive und 90 pounds lot the 5:1 cone
(FiKure 3). To lilt the _O-poLtnd payload it is neces-
sary to use tile 5:1 ,one configuration and ballast the
vehicle to insure a gross payload weight of 90 pounds.
The 5: t tone x_:_s ch_sen mer the 5:1 ogivc because
oi the inv: vea,_',M -_tahil ity ol the ('<:)ne configuration, (9)
Lhe altitude i_cri,::!n;trt('c of the tw(, nose coal ig_ra-
lions I)cln_ uhn,,>sl identical.
-- _ ...... F ........ 7 l
I ALJN('I-t ANGI. E -80 bl CONE NOSE CONFIGURATION --
O MACHNUMBER AI 60 Iqt.OME_ERS
t'r)/,, 4POcE£ O" MACHNUMBERA] ',0OKILOMETERS
#CS r,_ F' _ +
L)t_c; i¢,- 0 f _ i ( GIV_ NCSE ONFIGURAFION
_._F __ _ _ N NO A MACHNUMI?tk AT60 KILOMETERS
_'C_ SE A, MACHNUMRER All00 KILOMETERS
APOGE E
__/. l I I
40 60 80 100
PAYLOAD WL;GHI (LB)
I"I(H q/IC 3. TOMAIIAWN NOSE C()N !"[GUI{A] ION
SIC IA'i('TION
Fig-are 4 ])resents an analjqcically computed drag
curve for the 3:1 ogive configuration supplied by the
manufacturer (10) along with the drag curve used in the
performance study'. Estimated performance on the
basis of the reduced drag computed by the manufac-
Lurer would permit use of the 3:1 ogive configuration
to lift 80 pounds to a maximum altitude of approxi-
mately 110 kilometers. The actual performance will
fall between the two drag eases and the actual dragwfll
be verified by flight test. From the above calculations,
and data, it is concluded that the Tomahawk vehicle
meets the specified performance requirements.
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TO_LML&WK DRAG (3:10GIVE NOSE)
Static Stabflitx
Static vehicle stability ',v_> calculated for the
range of payload weights and nose c unfigmrations eval-
uated in the preceding section. The present analysis
will be limited tc_ a single launch angle (80 dc%rees).
Weight and Balance
Vehicle weight, center of gravity, and pitch and
roll moments of inertia were calculated by, a computer
program* developed by the GSF'C Flight Performance
Section. The program combines tile motor and payload
weight and balance to arrive at the total vehicle weight
and balance ms a flLnction of time in flight.
* Memo fL'om E. E. Mayo to E. F. SoL'graiL,
dated 3 June 19(i4: SubjeE:t: Wei_ht, Center of
Gravit5, Pitch and Roll Moment of Inertia
Determination Program.
TheTomah'_wkmotor(TE416)weightandbalance
data* for conditionspriortolaunchandafterburnout
arepresentedinTable6. Payloadcenterofgravity,
andpitchandrollmomentsofinertiawerecomputed
fromthepayloadweightandgeometrydata.Payload
leng'thwascalculatedassumingaconstantdensitypay-
load,specificgravityequalto0.80(ll), andtotalvol_-
runeutilization.Therequiredcylindricalextension
foreachofthenoseconfigurationsandpayloadweights
ispresentedinTable7. Figure5givestheresultant
totalvehiclel ngthsve_usgrosspayload.Total ve-
hicle weight, center of _ vity location (in feet from
the base), and pitch moment of inertia were computed
for the above configurations and are used to compute
the static margin and natural pitch frequency in the
following section.
..-y.
_z 240
"1"
I--
220
Z
taJ
._J
"' 200
..J
r.J
-1-
LIJ
> 180
..J
b-
o 160
FIGLrR E 5.
I I I I I
5:1 CONE CONFIGURATION' /
• RATIOB
_---3:10GIVE CONFIGURATION
I I I I 1 I
20 40 60 80 i00 120
GROSS PAYLOAD WEIGHT (LB)
TOTAL VEIIICLE LENGTH (CONSTANT
DENSITY PAYLOAD)
Center of gravity' location of empty motor plus fins
Center of gravity location of loaded motor plus
fins
Center of gravity location of propellant lost
Distance from base to payload adapter
Weight of motor empty plus fins
Weight of motor loaded plus fins
Pitch moment of inertia of motor empty plus fins
Pitch moment of inertia of molor loaded plus fins
3. 458 ft
5. 875 ft
6. 746 ft
11.87 ft
143 lb
540 lb
63.2 slug-ft 2
207 slug-ft 2
TABLE 6 TOMAttAWK WEIGHT AND BALANCE DATA
CONFIGURATION
3:10givc
5:10givc
5:1 Cone
PAYLOAD
WEIGIIT (lb)
,10
60
80
100
,t0
80
40
80
110
NOSE
LJ::NG Tlt (It)
2.25
2.25
2.25
2.25
3.75
3.75
3.75
3.75
3.75
CYLINDRICAL
LENGTII (ft)
.58
1.50
2.41
3.38
o
1.61
.56
2.38
3.75
TOTAL
PAYLOAD
LENGTH(If)
2.83
3.75
4.66
5.63
3.75
5.36
4.31
6.13
7.50
TO TA L
VEHICLE
LENGTH (ft)
14.683
15.596
16.513
17.471
15.596
17.209
16.159
17.980
19.380
TOTAL
VEHICLE
LENGTH (in)
176. I9
187.16
198.16
209.66
187.16
206.51
193.91
215.76
232.16
TABLE 7. TOMAHAWK PAYLOAD GEOMETRY
* Letter of Sandia Corporation to John Lane, dated
J[{1]u;try 21, 1965
Static Margin and Natural Pitch Frequency
Static margin, static stability parameter, and
natnJral pitch frequency of the Tomahawk vehicle have
been calculated by a computer program developed
in-house*. The center of gravity location and pitch
moment of inertia calculated above are required inputs
in addition to vehicle normal force coefficient, (CNa),
center of pressure location (Xc. p. ) and the velocity mad
attitude-time histories of the vehicle trajectories.
The CN_ and Nc.p. of the Tomahawk vehicle**
for the 3:1 ogive nose and 209 inch overall length were
modified (_) for the 5:1 ogive and (:one configurations.
EN)erimental data (8' 1 2) on configurations with varying
afterbody leng_ths indicate that there is little or no in-
crease in CNa or Xc-7_.for afterbody length in excess
of 10 diameters. Since all Tomahawk vehicles evaluated
had al'terbod 3 lengths in excess of 10 diameters, the
CNa _ff the total vehicle and Xe-7_. of the nose and after-
body (mintls fins) were considered a function of the nose
configttralion and Math number only. The CNc r of the
tot:d vchieIe is given by
CNa(T ) = CNa(N+A) _ CNa (F+I) ,
NOR_L&L FORCE COEFFICIENT CNa
Math No. '3:_ Ogive 5:l Ogive 5:1 Cone
1.20
l. 1_!1
1.50
I. {;_
% O0
2. :25
2.50
3.00
3.30
4. O0
4.50
5.00
5.50
_;. O0
6.50
7. O0
3U. 997
29.7t'J
2G. 52b
23. 6O6
19. !S!
17. 7(_2
1G. 215
1 t. 037
12.6O5
11.51_;
10. 714
I o. 199
9.79_,
9, 511
9. 232
9. i I t)
30. 997
29. 794
2(;. 528
23. 606
t9.4St
1 7. 590
1G. 043
13. 808
12. 548
li. 459
I0. 600
10.141
9. 969
9. 855
9. 798
9. 740
30. 997
29. 794
26. 528
23. 606
19. 481
17. 475
15. 928
I3. 784
12,490
11. 402
i0. 599
10. 084
9. 855
9. 740
9. 626
9. (326
TABIfl< _. TOMAItAWK NORMAL FORCE COEFFICIEN'
and is tabulated i'_ Table ,_ as a function r)f Maeh num-
ber for the three nese ,:o_ll'ib._urations. The fin plus
intcr{c, vc.ce nOl-mn[ for'co coefficient, CN_(t"_I), was
compute(I by >ul)tracting" the 3:1 ogive nose normal
force('b) from the total CN_ c' the vehicle**:
CNa{F'B = C,N_(I') (3 : I c_zi_e)'*
-('N_(N+A) (:{:1 ogtve)( t{eI" 8)
It is also computed by analytical methods. The fin
plus interference normal force coefficient obtained by
both means, is plotted versus Math number in Figure 6.
While neither curve can be used to verify the other,
the fact that the5, are both in agreement indicates that
the CNa data are valid. Although the X'77_7.p" of the nose
and afterbody (minus fins) is independent of the after-
body length for the Tomahawk configurations, the total
vehicle Xc. p. measured from the base is a function of
the vehicle length. This is demonstrated by the
equation
CNa(N+A) (L-X_.)_ CNa(F*I) (C)
Xe. p.
CNaCr)
p--
z
L.t.I
0
LIJ(..3
n."
0
La..
....1
rr"
0
Z
....I
I I ! I I T20
A
15 /k_ o -SUBTRACTION
10
5
0 1 2 3 4 5 6
MACH NUMBER
FIGURE 6. TAIL NORMAL FORCE COEFFICIENT
CNa __
(N +A) % I CN _.(F*li
_--× g--_PJ L '
WNa
Cno (T)=CNj N*ApCNulF+I)
13 i OGIVE):!:-CNa(N*A ) 3 I oglVE_**CN((F ; I)= CN(TI
Xcp" _ ,
CNo(T)
FIGURE 7. STATIC STABILITY AXIS S_'STEM
The axis system for the above calculations is presented
in Figure 7. The Xe. p. tabulated as a function of Math
number, nose configurations, and vehicle length is
presented in Table 9.
*Menlo, 9 July 1964, E. E. Mayo to Flight Per-
formance Section Files, Subject: Static Stabil-
ity and Natural Frequency Program.
**Letter, 21 Jan., 1965, to John Lane from the
Sandia Corp. , Subject: Performance and Aero-
d)mamic Data for the Tomahawk Rocket System.
CENTEROFPIIESSUtiEI.OCATION
MACH 40 LB 60 LB 80 I.B 100LB 110I.F;
CONFIGURATION NUMBER PAYLOAD PAYLOAD PAYLOAD PAYLOAD 1)AY1A)AD
3:10give
5:10give
5:1 Cone
1.20
1.50
1.75
2. O0
2.50
3.00
3.50
t. 00
5.00
6.00
7.00
8. OO
1.20
1.50
1.75
2.00
2.50
3.00
3.50
4.00
5.00
6.00
7.00
_.O0
1.20
1.50
1.75
2.00
2.50
3. O0
3.50
,t. 00
5. O0
6.00
7.00
8.00
1.80
1.94
2.15
2.46
3.09
3.59
3.97
4.30
4.86
5.36
5.76
6.15
1.82
2.00
2.24
2.55
3.13
3.57
3.95
4.31
4.95
5.51
(;. 02
6.50
1.78
1.88
2.05
2.28
2. 911
3. ,t5
3.88
4.27
4.95
5.51
6.00
6.45
1.85
2.00
2.25
2.61
3.30
3.82
4.20
4.53
5.11
5.02
6.10
6.52
1.88
2.15
2.4 (;
2. 8t
3.57)
,1.0.t
i. ,l[
i. _0
5.41
50 92
6. :;5
6.75
l. St
2000
2.35
2.72
3. ,t0
:h 95
4.37
t. 7:1
5.90
I;. 3(;
6.75
1.8l
2.0(i
2.25
2.59
3.3{I
5. S5
1.30
.t. (;7
5.3l
._.S5
(;. :;0
G. 68
TABLE 9. TOMAItAWK CENTER OF PtlESSL I{E
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A summary plot of the minimum static margin
for the configurations investigated is given in Figure 8.
An increase in payload density, whether resulting from
adding weight to the current configuration or reducing
the size of the current configuration, will increase
stability above that indicated in Figure 8. A decrease
in payload density will decrease stability and the indi-
vidual contiguration will have to be evaluated individ-
ually. Current wind tunnel tests of the Tomahawk con-
figuration indicate that the Xc.p. as used in this study
was conservative. Preliminary results of the test
indicated a minimum static margin approximately 1.0
caliber more stable. With the increased stability, the
Tomahawk config'uration can be flown with payloads as
light as 65 pounds for the 3:1 ogive conliguration and
meet the criteria of a minimum static margin of at
least 2.0 calibers. The natural pitch frequency for the
,q:l ogive configuration, is ph)tted versus time in flight
in Fiffure 9 and is calculated as
The nhoxc data arc the input to the next !Jm.qe ()_
the analysis, in _hich the d,,nami( rc_t)o_-_c ()i Ihe
vehicle to the f!ight ellvirotlll:t,lll iN _'vttik!:lttd.
1. I li%hl l))'mmlic_,
'ihe dsql:llnit' nl_dions ,_l ihc single /l:tgl;, l'(ml:_-
hawk wJlicle _crc computed i)3th(' i,_<]:hced 1_1)51 com-
puter progr:m_ (13' lb, which cah'ul:_tcs [he :tllgkll/lr
n]otions ill the vehicle abou[ a t)l'Cttotcl'l!iitIcd i}al'[iclc
traicctory. This small-angle mmi?_._;i._;appr,m(}_ is
particularly applicable to the sinz[('-_-t:{gc r]", )]_[;_}_:1_ l" '
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since the vehicle must fly at relatively small angles of
attack to survive the aerodynamic enviromnent
((_--_ 20,000 feet).
The program has two computation options. The
first is the steady-state solution, which assumes that
the vehicle is in pitch-roll resonance throughout the
trajectory. The nonrolling trim, magnification factor,
and resultant total angle of attack (also refened to as
the rolling trim) are computed as a function of time ill
flight. The steady-state solution also computes the
center of gravity offset required to maintain pitch-roll
resonance for a specific aerodynamic and thrust mis-
alignment and fin cant angle. The second option is the
dynamic solution, which computes the vehicle response
to a specific aerod?'namic and thrust n s:dignment and
center of gravity offset for a given fin cant.
Vehicle Parameters
The trajectory used in this analysis _as a nomi-
nal sea-level launch, _0-degrec quadrant-angle, par-
ticle trajg£,Ipry presented in the most recent flight test
proposalt±U). The orientation of Tomahawk thrust and
aerodynamic misalignments to be evaluated here (2_ 15)
is diagramed in Figure I0. Fin n_isaligmment is not
utilized in the RPM program computations in degrees
as given in the fig_re, but rather, as aerodynamic
misalignment moment coellTicient, Cmo. TIlepro-
gram input format requires a c'onstaet value of Cmo,
whereas the value of Cmo for a constant fin mis-
alig_mmnt of 0.20 degree varies from 0. :35 to 0.20
as a function of time in llight. Since the rolling
trim, which rcstllts in part from Cmo, is insigmifi-
cant throughout tile irajector 5 except in the vicinity
of rcsollance, the va]ue of Cmo corl'esponding to the
time of resonance was used in this study.
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I,'IGURE 10. ()RIENTATION OF TOMAtIAWK
ASYMMETRIES
A maximum center-of-gravity offset (AC.G.) of
0. 1 5 inch has been assumed for this analysis. An eval-
cation of the maximtm_ possible vehicle A C.G. for the
Tomahawk is not available; however, a study, has been
performed on a similar vehicle the Apache. The maxi-
mum AC.G. was determined to be 0.066 inch.* This
value was rounded off to 0.10 inch and scaled to the
Tomahawk vehicle by a ratio of the respective body
diameters. The center-of-gravity offset calculated in
this manner is considered eonserxative. It can be seen
from the results of this study, that a center-of-gravity
offset of twice the _,alue will be acceptable for the
recommended fin cant setting.
The misaliglunent and offsets cited above are of
random orientation. For this armlysis, the misalign-
ments and offsets are alig_md in a worst-case condition;
that is, oriented to give tile maximum degradati(m to
roll at rcson'mee (Figure 10).
*Memo, 10 April l!)f;.l, D. J. Ilcrshfehl to R. C.
Baumann. Subject: Princil)al Tilt Axis (PAT)
of Apache and Paylead.
Un(lh;turbed I{oll HaLe aml Pitch 1_
The TomM,awk _M_ie!e hqs four ,s_dge-slal> fins,
as Sbo\_n ill l"iLqlr( _ i, _._bi('h arc canh_,d lo produce the
vehicle roll. The ._t,>a,!?,-szf:de roll rate of canted fins
is {t ]ltn¢q[()ll O[ {J1(] ',{!',I')':i{V 'Alia c';Int anglo:
Pss A1V8
The ¢:olistant A l is ;i ftmtffiot _,(d' the fin gcomelry as
determined from strip theory. From {his oquatiorJ, it
can be seen that, for a linear vei,_city time-history
(such as the nomimd [rajcufory), lhe roll rate increases
linearly from iglqili_m It, burniotd. The slope of the
curve depo,ds .n the fin-cant angle. The roll rate-
timc histories for the range of fin cants were computed
by the I1PM i )r, igl'itll] {issl.lllling no m i sal ignnlents or
offsets. The undishlrbod roll rates and undamped
nattll'al [)[t('h II'(:qttoli(? 3 versus time Ironl launoh are
presented in FIVu/'(, I I _ :_N well as peak ruil rate, as a
funclion ol fin cant angle. The fin-(mr;l angles to be
investig<tted in this stu<h :ire no_ limited to a range of
0 to :15 minut¢ _ <,i :. (h:gree duc to the vehicle require-
merits lis{ed in iublc !. limiting fine roll rate to 10 eps.
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i;I(;UIiE 15. REQUIRED CENTEI{-OF-GI:_AVITY
OFFSET T() MAINTAIN I,OCK--IN
I)ynamic Solution
The dynamic response of tile vehicb, will now be
considered for the asymmetries listed in I"igllre 10 and
a center-of-gravity offset of 0.1 5 inch in the worst-ease
orientation. The natural un(laml).d pitch fre(luenc3 and
the roll-rate obtained ft'om the dyllalllic solution are
presented in Figure 16 for the range of fin cants under
consideration. The figure sho_s that lbr the fin emits
considered, the cocket roll rate does return to the re,-
disturbed roll rate aft(q" the vehicle breaks out of l'eso-
nancc. The total angle-c_f-aLtack-timc histories asso-
ciated wiLh these dynamic roll-talc histories are pre-
sented in I"igure 17. As indicated by the steady-state
solution, the maximum total angle of attack al reso-
nance incFcases as the time of regoD311cc is delayed,
that is, as the fin cant m_glc is reduced in magnitude.
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l"(_l" a s ir!glO-:4:tgC, high-pc:rfor;mH]:'c '_chicle
SttCli a'4 '['(}l]ltlll_i\'.[,, {he choicx .1 iin-cant "ingles, arid
[]!LI'C]_!'I' [}It' !.i11/0 ()[ l'CS(!ll;l]lt U, is 'it!Y}' iHIIJO.FItIII[.
1;',,1" Ali'l.lClttl'3] l'l,';}_-'t]li>, it is dc'ql ible {H ]la\'c l;,[tc}_-
]x4l 1"1 S(}I]:ilI('Q V, it-', Its :[c{'oml2at, 3 Mg l',_i] ing-tritD
:lllglt' i)J aHack lit a tulle (}1]1(!1" 'thrill II];tXIIIILIITI {lynamJc
pircNNl.ll'e, 'i'] { DI,IX{IIilJI]] ([\;I;.i:!li{' ]_!'(_'_:4[ll'L" {)! tile
TOII1H}Ia;\J,; \Uhi{]o ;Q [ll'(}[[( ]1C:; 2!1, (i(J[) I,_i :it >, 0 be( o!lds
in flighl. "J'{?{.' iuLurmcdiatc lii!cant angles {'ai: I}o elim-
ii_atc{} silK'e the xel_i{'le _ott{d I<, in l'OqoiltlllCe it] Lhe
pOO_ilHl {}[ I:!'tXiliII.IR3 (l}h<Inl}( t}FOS_L!I'U, "['llO l;tYg( _
ill'Q2ies {}f a|!lif l< ;i{ l'{_g(li)H!l('O <it){] [hL It_,lt[Iill]L l{tl'g'O
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spacec_mingmotJ<m due to the decrease b) damping
after thrust terminati<m pr<>hibit the use of the low fin
cant angles. The only remaining time in the flight for
resonance to occur is early in the flight before the
buildup of the dynamic pressure and vehicle temper-
atures due to aerodynamic heating. The vehicle motion
restraints include(1 in the vehicle requirements stipulate
a maximum roll rate of 10 cps. This places an upper
limit on the fin cant angle of 35 minutes. This fin
setting is acceptable from all aspects analyzed and is
recommended as the operational fin cant setting for the
single-stage Tomahax_k vehicle.
Cench_s ions
1. The Tomahawk vehicle has the impulse to lift
the required payload to the required altitude. In addi-
tion, the payload weight range can be extended to heavi-
er payloads by interchanging the standard nose cone
(3:1 ogive) with lower drag configurations.
2. The present second-stage fins produce ade-
quate stability to lly payloads as light as (;5 pounds
with the :1:1 ogive nose. The minin]um flyable weight
is slightly higher for the h)w-drag configurations; how-
ever, they, arc only used for heavier payloads.
3. The optimum fin cant setting is 35 minutes.
This fin cant produces a peak roll-rate of 10 cps and a
vacuum roll-rate of 6.5 cps. The vehicle can be flown
at lower peak roll rates--as lo_ as (;, 5 cps if it is
determ reed that the vehicle can structurally withstand
the resulting higher angles at the maximum loading
condition. Otherwise, the tolerances on the misalign-
ments and offsets will have to be reduced in order to
allow reduction of the peak roll rate.
last of Symbols
A1
a
CD
Clp
Cl
CL a
Constant (dimensionless)
Point of thrust application measured from
oenter-ot-gravtty, inch
Reciprocal of magnification factor (dimen-
sionless)
Fin center el pressul'c nleastlrcd [roll]
the base, feet
Drag coefficient at zero angle of attack
(dimensionless)
8 C 1
Roll daml)ing coefficient p/,,,ix , per radian
O /@)
RoI.I forcing coefficient, per radian
Lift curve slope per radian
C
nlo
C m(t
C in_
CN a
C
n
P
d
_C. G.
I
Ix:<
Isp
L
m
P
q
r
R o
r e
r o
S
T
t
V
Xc. p.
Xe_.
a T
O_st
Moment coefficietfl al zero angle of attack
(dimensionless)
O C m
Pitch damping coefficient -- , per radian
Moment coefficient slope at zero angle of
attack, per radim_
Normal force curve slope, per radian
Magnus moment (assumed zero)
Reference diameter, feet
Center-of-gravity offset measured from center
line, inch
Pitch moment of inertia, sluH'-ft Z
Roll moment of iamrtia. Mug-ft 2
Specific impulse, scconds
Total vehicle lenKth, feet
Mass, slugs
Vehicle roll rate, radians per second
Pitch rate, degrees per second
Free stream dynamic pressure, lbs/ft 2
Yaw rate. deg-rees per second
Conversion factor, from radians to deg-rees
Distance from nozzle exit plane to center-of-
gravity, feet
1
I o
[r2 - (-nT)]- by definition, feet
Reference length, ft 2
Thrust, pounds
Time, seconds
Free stream velocity, feet per second
Total vehicle center of pressure measured
from base, feet
Nose and afterboeiy (mi,ms fins) center of
pressure measured from the nose. feet
Angle of attack, degrees
Total angle of attack, degrees
Static trim angle of attack, degrees
C0
Thrust eccentricity, degrees
Space coning total angle, degrees
Ratio of roll-pitch inertia, (dimensionless)
Natural pitch frequency, radians per second
Fin cant angle, degrees or radians
Identificat{on Symbols:
(F + I) Fin plus interference
(hl+ A) Nose plus afterbody (minus)
(T) Total Vehicle
Subsc ripts:
SS Steady state conditions
V Vacumn conditions
1.
2.
3.
4.
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